. The most prevalent adhesin was that encoded by the iha gene (91%; 127 of 139 strains), which was distributed in all seropathotypes. toxB and efa1 were present mainly in strains of seropathotypes A and B, which were LEE positive. saa was present only in strains of seropathotypes C, D, and E, which were LEE negative. Two fimbrial genes, lpfA O157/OI-141 and lpfA O157/OI-154 , were strongly associated with seropathotype A. The fimbrial gene lpfA O113 was present in all seropathotypes except for seropathotype A, while sfpA was not present in any of the strains studied. The distribution of STEC adhesins depends mainly on serotypes and not on the source of isolation. Seropathotype A, which is associated with severe disease and frequently is involved in outbreaks, possesses a unique adhesin profile which is not present in the other seropathotypes. The wide distribution of iha in STEC strains suggested that it could be a candidate for vaccine development.
Shiga toxin (Stx)-producing Escherichia coli (STEC) strains can cause a broad spectrum of human disease, including diarrhea, hemorrhagic colitis, and the life-threatening hemolyticuremic syndrome (HUS) (20) . E. coli O157:H7 is by far the most prevalent serotype associated with large outbreaks and sporadic cases of hemorrhagic colitis and HUS in many countries (10). However, more than 100 serotypes have a similar pathogenic potential in humans (2) .
Although the main virulence property of STEC is the production of one or more types of Stx (Stx1, Stx2, or Stx variants), adherence to the intestinal epithelium and colonization of the gut are also important components of pathogenesis. Some STEC serotypes, considered to be highly virulent in humans, harbor a large pathogenicity island, termed the locus for enterocyte effacement (LEE). This locus is associated with intimate adherence to epithelial cells, the initiation of host signal transduction pathways, and the formation of attaching and effacing intestinal lesions (19) . LEE appears to confer enhanced virulence, since LEE-positive STEC serotypes (such as O157:H7, O26:H11, O111:NM, and O145:NM) are much more commonly associated with outbreaks and HUS than are LEEnegative serotypes (14, 28) . However, the presence of the LEE is not essential for pathogenesis, as a number of cases of severe STEC disease, including HUS, as well as occasional outbreaks were caused by LEE-negative strains (17, 25) . Additional virulence factors, including adhesins encoded outside of the LEE (26) and a plasmid-encoded enterohemolysin (34) , may play a role in pathogenesis.
A major task of STEC research is the development of vaccines against STEC. Immunization with antigens that promote colonization would prevent infection, whereas immunization with Stx would prevent the pathological effects of toxin-mediated manifestations of disease. Vaccines targeting adhesins to block the colonization of either humans or animal reservoirs would be effective in controlling STEC infection, because adhesion is the initial step in pathogenesis. With more LEEnegative STEC strains being reported, investigations of adhesins encoded outside of the LEE have been carried out by several groups (22, 26, 40) . The genome sequence of E. coli O157:H7 strain EDL933 has revealed multiple regions in the chromosome that may have a putative role in adherence (29, 36) . A thorough understanding of the mechanisms used by STEC to adhere to epithelial cells and to colonize animals has yet to emerge.
Several proteins were proposed to be novel adhesion factors; these include ToxB (a protein identified from large, 93-kb plasmid pO157 and required for full expression of adherence of O157:H7 strain Sakai) (42) , Saa (an autoagglutinating ad-hesin identified in LEE-negative strains) (26) , Sfp (sorbitolfermenting enterohemorrhagic E. coli [EHEC] O157 fimbriae) (4), Iha (adherence-conferring protein similar to Vibrio cholerae IrgA) (35, 40) , Efa1 (EHEC factor for adherence) (22) , and LPF (long polar fimbriae; closely related to LPF of Salmonella enterica serovar Typhimurium) (7, 45) . These putative adhesins are encoded either in the large plasmid harbored by STEC strains or in unique DNA segments of E. coli EDL933 called O islands (OIs). ToxB, Sfp fimbriae, and Saa are plasmid encoded, and an association between the presence of saa and enterohemolysin gene ehxA was reported (26) . Iha is encoded in OI-43 and OI-48, which are identical and contain 106 open reading frames (ORFs). Efa1 is encoded in OI-122, which was recently reported by Karmali et al. to be associated with STEC serotypes that are linked to epidemic and/or serious disease (16) . In O157:H7 strains, the LPF OI-141 and OI-154 operons are present. LPF O157/OI-141 was reported by Torres et al. (45) to play a role in adherence. On the other hand, Doughty et al. (7) suggested that LPF of O113:H21, encoded in OI-154 (LPF O113 ), functions as an adhesin in LEE-negative isolates of STEC. The aim of this study was to establish the prevalence of putative adhesins that are not encoded in the LEE region in STEC strains of different serotypes and of human, animal, and food origins.
MATERIALS AND METHODS
Bacterial strains. A total of 139 STEC strains isolated from humans (n ϭ 54), animals (n ϭ 52), and food (n ϭ 33) were studied. The 130 Argentinean strains isolated during the surveillance of HUS and diarrheal disease and food and animal surveys were submitted to the National Reference Laboratory for phenotypic and genotypic characterizations (5, 6, 8, 9, 11) . Six strains were kindly supplied by B. E. C. Guth, Departamento de Microbiologia, Imunologia e Parasitologia, Universidade Federal de São Paulo, São Paulo, Brazil (11) . Three strains were isolated from patients with diarrhea in Japan as part of an ongoing study of diarrheagenic E. coli. The selection of strains was generally random, but all strains belonging to the same serotype were selected to ensure that they were isolates from different patients or animals that were not linked temporally. Strains belonging to the same serotype were tested for XbaI macrorestriction enzyme digestion patterns by pulsed-field gel electrophoresis (11) to ensure that they were distinct.
Standard E. coli strains for preparing antisera to all of the serogroups between O174 and O181 were obtained from the Statens Serum Institut (Copenhagen, Denmark). Positive control strains for Shiga toxin typing were E. coli strains EDL933 (stx 1 (30) . The negative control strain was E. coli K-12 strain JM109 (Promega, Madison, Wis.).
Serotyping. The serotypes of the STEC strains were determined by using either commercially available O and H antisera (Denka Seiken Co., Tokyo, Japan) or antisera prepared at the National Institute of Infectious Diseases, Tokyo, Japan, at the Centers for Disease Control and Prevention, Atlanta, Ga., or at the National Microbiology Laboratory, Canadian Science Centre for Human and Animal Health (23) .
Seropathotype classification. The strains were classified into five seropathotypes (A through E) as described by Karmali et al. (16) . Briefly, seropathotypes A and B included the serotypes proposed by Karmali et al., with the exception that we also included serotype O26:NM in seropathotype B. Seropathotypes C, D, and E included diverse serotypes that were assigned accoding to the criteria of low incidence but an association with severe disease (seropathotype C), low incidence and no association with severe disease (seropathotype D), and nonhuman only (seropathotype E).
Determination of genes encoding Shiga toxin, intimin, enterohemolysin, and putative adhesins by PCR. All primers used in this study are listed in Table 1 . Template DNA was prepared as described previously (44) . The presence of the stx 1 and stx 2 genes was identified by a multiplex PCR with the primers described by Pollard et al. (32) . For the differentiation of Stx2 variants, the genotyping method of Tyler et al. (46) was extended to include the primers and restriction enzymes described by Piérard et al. (31) .
The LEE-encoded intimin gene, eae, was detected by PCR with primers SK1 and SK2 as described by Karch et al. (15) . The plasmid-carried enterohemolysin gene (ehxA) was identified by PCR with primers hlyA1 and hlyA4 as described by Schmidt et al. (34) .
To study the presence of eight putative adhesin genes (iha, toxB, sfpA, saa, efa1, lpfA O113 , lpfA O157/OI-141 , and lpfA O157/OI-154 ), PCR amplifications were carried out with 30-l reaction mixtures containing PCR buffer, 200 M each deoxynucleoside triphosphate, 6.25 pmol of each primer, and 1 U of HotStart Taq DNA polymerase (Qiagen, Hilden, Germany). Five sets of primer mixtures were prepared: set 1 contained primers for the detection of iha, toxB, and saa (triplex PCR); set 2 contained primers for the detection of efa1; set 3 contained primers for the detection of sfpA; set 4 contained primers for the detection of lpfA O113 ; and set 5 contained primers for the detection of lpfA O157/OI-141 and lpfA O157/OI-154 (duplex PCR). Cycling conditions for the triplex PCR consisted of an initial activation step at 95°C for 15 min, followed by 25 cycles, each consisting of denaturation at 94°C for 1 min, annealing at 52°C for 1 min, and extension at 72°C for 1.5 min. There was a final extension step at 72°C for 10 min. Cycling conditions for the duplex PCR were similar to those for the triplex PCR, but the annealing temperature was increased to 55°C. Cycling conditions for sfpA, lpfA O113 , and efa1 were as previously described (4, 7, 22) but were preceded by an initial activation step at 95°C for 15 min.
Detection of OI-141 and OI-154 and cloning of OI-141. The presence of OI-141 and OI-154 was analyzed with the primers reported by Doughty et al. (7) ( Table 1 and Fig. 1 ) and SP-Taq DNA polymerase for long and efficient PCR (COSMO, Seoul, Korea). PCR conditions were 95°C for 2 min; 30 cycles of 95°C for 20 s, 50°C for 40 s, and 68°C for 6 min; and extension for 10 min at 68°C. The 6-kbp PCR product obtained from strain 843/02 (O26:H11) with primers O141-F and O141-R was cloned into vector pCR2.1 for determination of the DNA sequence.
Nucleotide sequence and analysis. Plasmid DNA was prepared for sequence analysis by using a Qiagen-tip 100 (Qiagen) according to the manufacturer's instructions. Sequencing of the major fimbrial subunit (lpfA O26 ) was performed by the dideoxynucleotide triphosphate chain termination method with an ABI PRISM 310 genetic analyzer and a BigDye Terminator Cycle Sequencing FS Ready Reaction kit (Applied Biosystems). The program BLAST 1.4.9 was used to search for related sequences in databases.
Nucleotide sequence accession number. The nucleotide sequence of lpfA O26 will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession number AB161111.
RESULTS
Strain characterization. Seropathotypes, serotypes, sources of isolation, and Shiga toxin genotypes of the strains are shown in Table 2 . All strains belonging to the same serotype had distinct macrorestriction enzyme digestion patterns on pulsedfield gel electrophoresis (data not shown). Twenty-two O157:H7 strains and 2 O157:NM non-sorbitol-fermenting strains were included in seropathotype A. Seropathotype B comprised 26 strains belonging to serotypes O26:H11, O26: NM, O103:H2, O111:NM, O121:H19, and O145:NM. Seropathotype C comprised 48 strains of 15 serotypes. Serotypes O174:H28 and O178:H19, which were not previously associated with HUS, were also included in seropathotype C. Twenty-two strains of 13 serotypes were included in seropathotype D. Nineteen strains of 14 serotypes were included in seropathotype E.
A close relationship was found between serotype and the eae gene, because strains of the same serotype were either all eae positive or all eae negative (Table 3 ). In contrast, differences were observed within the same serotype with respect to the Shiga toxin genotype and the presence of the ehxA gene (Tables 2 and 3).
Prevalence of putative adhesins in different seropathotypes. Figure 2 shows the PCR amplification products of the eight adhesin genes studied for control and representative strains of different seropathotypes. The distribution of putative adhesin genes, eae, and ehxA in different serotypes and seropathotypes is shown in Table 3 . The most prevalent adhesins among all seropathotypes were those encoded by the iha (127 of 139 strains; 91%) and lpfA O113 (101 of 139 strains; 73%) genes. The 12 iha-negative strains belonged to serotypes O8:H19 (4 strains), O121:H19 (2 strains), and O8:H16, O58:H40, O103: H2, O113:H21, O116:NM, and O145:H25 (1 strain each). The 38 lpfA O113 -negative strains belonged to serotypes O157:H7 (22 strains), O157:NM (2 strains), O145:NM (11 strains), and O65:H48, O103:H2, and O174:HNT (1 strain each).
Seropathotype A was positive for iha, toxB, efa1, lpfA O157/OI-154 , and lpfA O157/OI-141 . One characteristic of seropathotype A was the presence of a specific LPF gene cluster in OI-154, as reflected by the PCR results for lpfA O157/OI-154 . In seropathotype B, most of the strains were positive for iha, toxB, and efa1, with the exception that strains of serotypes O111:NM and O103:H2 and one strain of serotype O26:H11 were toxB negative and strains of serotypes O121:H19 and O103:H2 were There was a correlation between the presence of the ehxA and saa genes for seropathotypes C, D, and E. Among 43 strains positive for ehxA, 38 were positive for saa; among 42 strains positive for saa, 38 were positive for ehxA. The five ehxA-positive saa-negative strains belonged to serotypes O8: H19 (three strains) and O15:H27 and O145:H25 (one strain each). The four saa-positive ehxA-negative strains belonged to serotypes O8:H16 (two strains) and O8:H2 and O117:H21 (one strain each).
Prevalence of adhesins according to source of isolation.
Overall, there was no relationship between the source of isolation and the prevalence of adhesins (Tables 2 and 3 ). To better understand this relationship, we further analyzed serotypes O157:H7, O26:H11, O8:H19, O113:H21, and O174:H21 represented by strains of human, animal, and food origins (Table 4 ). Serotypes O157:H7, O26:H11, O113:H21, and O174:H21 showed similar profiles of adhesins regardless of the source of isolation. Human isolates of serotype O8:H19 were iha and saa negative, in spite of the presence of ehxA. We found that this serotype showed an stx genotype dependency in the distribution of adhesins, since four O8:H19 stx 2 strains (two from human, one from animal, and one from food sources) were iha negative. Three of these O8:H19 stx 2 strains harbored the ehxA gene but were saa negative.
Analysis of OI-141 and cloning of lpfA O26 . Since lpfA O157/OI-141 was present only in serotypes O157:H7, O157: NM, and O145:NM, we investigated the presence of OI-141 in strains of other serotypes. Strains harboring OI-141 showed an amplicon of ϳ6 kbp, while strains without OI-141 showed an FIG. 1. Genetic organization of LPF gene clusters encoded in OI-141 and OI-154 of serotypes O157:H7 and O113:H21 (7, 45) . Predicted functions for the proteins encoded by the LPF operons are major fimbrial subunit for LpfA, chaperone for LpfB, outer membrane usher chaperone for LpfC, outer membrane usher protein for LpfCЈ, minor fimbrial subunit for LpfD, and fimbrial subunit for LpfE. OI-154 of O157:H7 contains two copies of lpfD (the second one is presented as lpfDЈ). Annealing sites for the primers used in the PCR analysis are indicated. LpfA O157/OI-141 (accession number AE005581), 57% similarity to LpfA O157/OI-154 (accession number AE005604), and 52% similarity to LpfA O113 (accession number AY057066). Analysis of OI-154. We investigated the presence of OI-154 in two strains (one strain each of serotypes O65:H48 and O174: HNT) that were negative for lpfA O113 , lpfA O157/OI-141 , lpfA O157/OI-154, and OI-141. These two strains were also found negative for OI-154 in a PCR analysis with primers O154-F and O154-R.
DISCUSSION
Studies on putative STEC adhesins so far have been confined to a few serotypes. In view of the increasing number of reports of non-O157 STEC infections, there is now a need for comprehensive data on the prevalence of adhesins in STEC strains of diverse serotypes. In this study, we investigated by PCR the prevalence of eight putative adhesins among a wide range of serotypes, which were divided into five seropathotypes according to incidence and associations with outbreaks and with complicated diseases. A variety of in vitro and in vivo data support the role of intimin in adherence to epithelial cells. However, because intimin-negative strains belonging to serotypes such as O113:H21, O91:H21, and O8:H19 were isolated from HUS patients, we wanted to determine whether there is a common adhesin among seropathotypes A, B, and C and whether there is a difference between seropathotypes A, B, C, and D (isolated from humans) and seropathotype E (comprised of nonhuman STEC serotypes). Our study investigated only the presence of the adhesin genes; therefore, studies on expression, function, and antigenic diversity need to be confirmed before vaccine work can be undertaken.
Our results for efa1, toxB, sfpA, and lpfA O157/OI-141 extended the observations of previous reports that investigated the distribution of some of these adhesins in a limited number of strains (1, 4, 16, 22, 38, 39) . To our knowledge, this is the first report on the prevalence of lpfA in OI-154 of serotype O157: H7. Interestingly, the nucleotide sequence of lpfA O157/OI-154 seems to be unique to seropathotype A. Although we did not analyze the biological significance of this unique segment, it might confer some advantage in colonization over the lpfA sequences found in other serotypes.
Efa1 was first reported to be an adhesin in an O111:NM clinical isolate (22) , and recently Stevens et al. (37) reported that Efa1 also influences the colonization of the bovine intestine by STEC serotypes O5 and O111. Klapproth et al. (18) reported the identification in EPEC of a lymphotoxin gene (lifA) which shows 99.9% similarity to efa1. LifA also contributes to the adherence of EPEC to epithelial cells (1) . We investigated the presence of efa1, which is present as an ORF of 9,669 bp in O111:NM, with primers directed at the 5Ј end. PCR for efa1 was positive for all eae-positive strains, in agreement with the results of previous reports (16, 22) . Other studies with PCRs and DNA probes directed at the center and at the 3Ј end of efa1 showed that serotypes O157:H7 and O145:NM are efa1 negative (13, 18, 38) . The recent genome sequencing of EHEC O157:H7 has revealed a truncated chromosomal form of efa1 that comprises the first 2 kb of efa1 divided into two ORFs, efa-O157a and efa-O157b (12, 29) . A random mutagenesis study revealed that a transposon insertion into efa-O157a resulted in decreased adherence of O157:H7 strain Sakai to epithelial cells (41) . Our results and the results of previous reports suggested that efa1 in O145:NM could be truncated as in O157:H7.
Interestingly, O145:NM is the serotype that most resembled serotype O157:H7 in terms of the prevalence of putative adhesins, since it is the only serotype that possessed lpfA O157/OI-141 . We wondered whether other serotypes harbor a variant LPF gene cluster in OI-141. PCR with primers external to OI-141 showed that other serotypes indeed had OI- (21) , which is involved in the early stages of rabbit EPEC-mediated diarrhea. PCR with primers specific for lpfA O26 showed that the O103:H2 strain that was negative for the three lpfA genes studied possessed lpfA O26 (data not shown). Our results suggested that at least four LPF variants exist in STEC strains. ToxB showed 47% similarity to Efa1 and is considered to be a plasmid-encoded efa1 homologue. ToxB was reported to be involved in the full adherence phenotype of O157 strain Sakai by promoting the production and/or secretion of type III secretion proteins encoded in the LEE (EspA, EspB, and Tir) (42) . Therefore, its association with the presence of eae, which is also located in the LEE, is not surprising. However, a homology search showed that ToxB possesses several distinctive, if not separable, domains each associated with the full production of type III secretion proteins, adherence to epithelial cells, or inhibition of lymphocyte activation (42) . We wondered whether ToxB could function as an adhesin without the presence of LEE-encoded factors. The PCR results obtained with primers directed at the 5Ј end of toxB showed that the gene was never present in eae-negative strains. Six eae-positive strains were toxB negative but possessed efa1. Because of the similarity between Efa1 and ToxB, Efa1 may be able to compensate functionally for the absence of ToxB.
Saa is encoded by a gene located on the large plasmid of some eae-negative STEC strains. The saa-specific PCR primers used allowed the amplification of a 119-bp portion of the gene which is absolutely conserved among diverse STEC strains (27) . The presence of saa showed a strong association with ehxA in eae-negative strains of different serotypes, as proposed by Paton et al. (26) . Although some strains were only either saa or ehxA positive, these results could be explained by the high variability of the large STEC plasmids (3). On the contrary, Sfp fimbriae seemed to be restricted only to sorbitol-fermenting O157:NM strains (4), since all strains were found to be negative when primers directed at the major fimbrial subunit gene sfpA were used.
Recently, Osek et al. (24) studied the prevalence of lpfA O113 (encoded in OI-154) in a limited number of strains. Osek et al. concluded that lpfA O113 is closely associated with eae-negative STEC. Our results showed that lpfA O113 is present in all STEC serotypes, with the exception of O157:H7, O157:NM, O103: H2, O145:NM, O174:HNT, and O65:H48. Interestingly, serotype O65:H48 has never been associated with human disease and did not contain any LPF gene cluster in OI-141 or OI-154 (data not shown), suggesting a role for LPF in human infection. Furthermore, the LPF gene cluster of OI-154 was identified when genomic subtraction was used with O91:H21 (HUS isolate) and O6:H10 (bovine isolate) to identify DNA sequences that might encode factors involved in virulence (33) .
The most widely distributed STEC adhesin gene was iha. Iha is encoded by an ORF of 2,088 bp which is located in OI-43 and OI-48. These two OIs are identical and are 0.5 Mb apart on the EDL933 genome, with OI-43 being inserted close to the serX tRNA gene and OI-48 being inserted close to the serW tRNA gene (43) . In eae-negative STEC strains, iha is located in the locus of proteolytic activity island inserted in the selC locus (35) . PCR analysis with primers amplifying the central 1,305-bp region of iha showed that 91% of the strains were iha positive. Our results suggested that iha is conserved although located at different chromosomal loci in O157:H7 and eaenegative STEC strains.
In conclusion, this study showed that (i) seropathotype A possesses a unique profile of adhesins which was not present in other seropathotypes; (ii) lpfA O113 was present in all seropathotypes except for seropathotype A; (iii) OI-141 and OI-154 harbored LPF gene clusters with variable sequences; (iv) the distribution of STEC adhesins depends mainly on serotypes and not on the source of isolation; and (v) iha is a common adhesin gene in all seropathotypes, suggesting that Iha is necessary but not sufficient for human infection. Thus, Iha could be a candidate for vaccine development, although its role as an adhesin in serotypes other than O157:H7 should be proved experimentally.
